Low-dimensional coordination polymers are attractive materials because the infinite combination of metal ions and ligands allows us to produce various chemical structures and functions. Spin crossover (SCO) is one of the curious magnetic functions because the electronic state of metal complex can be controlled by external stimuli. It is expected that the introduction of SCO-active metal complex to a coordination polymer will contribute to produce a multifunctional material. In this research, a coordination polymer composed of ferrous ion and a ligand with 2,6-bis(1-methylbenzimidazol-2-yl)pyridine (mbzimpy) ligating groups ([ mbi ] n ) was synthesized to incorporate SCO activity. The polymer was synthesized using a liquid-liquid interfacial reaction and a one-phase reaction, and was obtained as a film and a powder, respectively. Electrochemical and spectroscopic measurements revealed the formation of [Fe(mbzimpy) 2 ] complex. The magnetic susceptibility measurement displayed the partial SCO of [ mbi ] n polymer from 350 K to 250 K.
Introduction
One-dimensional and two-dimensional coordination polymers are attractive materials because of their huge variety of chemical and physical properties [1] [2] [3] [4] . One of the sophisticated synthesis techniques of low-dimensional coordination polymers is the liquid-liquid interfacial reaction which progresses the coodination reaction at the interface between two immiscible solutions containing metal ions and ligands [5] [6] [7] [8] [9] . Various kinds of functional coordination polymers have been produced by utilizing the broad applicability of this technique. Another remarkable point is that the complexation reaction area is limited at the interface and the formed material usually has a filmy structure with nano-to micro-meter thickness.
Spin crossover (SCO) is a phenomenon in which the spin state of a metal center switches between the low-spin (LS) and high-spin (HS) states under an external stimulus, such as temperature [10] [11] [12] [13] , pressure [14] [15] [16] , magnetic field [17] and light [18] [19] [20] . The incorporation of SCO property in a coordination polymer will contribute to develop a coordination nano material with a switchable or controllable function by external stimulus.
In this research, 2,6-bis(1-methylbenzimidazol-2-yl)pyridine (mbzimpy) was chosen as a ligating group for the complexation with iron(II) ion in order to induce the SCO in a coordination polymer because the introduction of fivemembered imidazole ring will give a longer Fe-N distance which weakens the ligand field. A linear bridging ligand mbi was synthesized, and a coordination polymer [ mbi ] n as a film-like material was synthesized by using the liquid-liquid interfacial reaction (Fig. 1 ). The formed materials were characterized by microscopic, electrochemical and spectroscopic measurements. In order to investigate the possibility of the SCO activity of [ mbi ] n in the film structure, the magnetic property of [ mbi ] n polymer synthesized by the one-phase reaction was evaluated.
3 2 Experimental Section

Materials and Reagents
All chemical reagents and solvents were purchased from Sigma Aldrich, Tokyo Chemical Industry, Kanto Chemical and Wako Pure Chemical Industries and used without further purification unless otherwise stated. Water was purified by a Milli-Q purification system (Merck).
Apparatus
NMR spectra were recorded with a Bruker AVANCE 500 spectrometer. The reported chemical shift values of the solvent residual peak in chloroform-d were used for the calibration of the spectra (7.26 ppm for 1 H, 77.16 ppm for 13 C). ESI-TOF mass spectrum was recorded using an LCT Micromass spectrometer. AFM measurements were conducted using an Agilent 5500 SPM with a silicon cantilever PPP-NCH (Nano World). X-ray photoelectron spectra were collected using an ULVAC-PHI PHI 5000 VersaProbe. A monochromatic Al K (15 kV, 25 W) was used as an X-ray source. The binding energy values of the obtained spectra were calibrated using the C 1s peak as 284.6 eV. UV-Vis spectra were recorded using a JASCO V-570 spectrometer. Cyclic voltammetry measurements were performed using an ALS 650DT electrohemical analyzer. The measurements were conducted by using an Ag + /Ag reference electrode (a silver wire dipped in an acetonitrile solution containing 10 mM AgClO 4 and 0.1 M nBu 4 NClO 4 ) , a Pt counter electrode, and a modified ITO electrode as a working electrode. The temperature dependence of the magnetic susceptibility was measured with a Quantum Design MPMS SQUID magnetometer at an applied field of 10 kOe. Aluminum foil was used as a sample container, whose magnetic contribution was subtracted as background by measuring its own magnetic susceptibilities in every measurement. The diamagnetic correction, dia = − 4.18 × 10 −4 emu mol −1 for [ mbi ] n polymer, was carried out with Pascal's constants.
Synthesis of Bridging Ligand ( mbi )
A bridging ligand ( mbi ) was synthesized using the modified process from the literature where 2-acetyl-methylbenzoimidazole [21] was used as the reactant [22, 23] . The obtained product was recrystallized from pyridine. Trifluoroacetic acid-D was added to increase solubility during NMR measurements. 1 
Liquid-Liquid Interfacial Synthesis of [
mbi ] n Film mbi (0.75 mg) was added to chloroform (10 mL) in a vial to obtain a solution with a concentration of 0.1 mM, then a substrate (quartz, ITO, or Si) was placed to transfer the film after the formation. The chloroform solution was then covered with 10 mL of ethylene glycol to form a liquid-liquid interface. A 50 mM Fe(BF 4 ) 2 ⋅ 6H 2 O solution of ethylene glycol (10 mL) was added gently to the upper ethylene glycol phase. The system was kept undisturbed for 1 day, and [ mbi ] n film was formed as a blue film at the interface. The upper ferrous ion solution was exchanged with water several times. Then, the bottom chloroform phase was exchanged with pure chloroform several times. Finally, ethanol was added on the top of the interface and then all solvent was removed in order to place [ mbi ] n on the substrate.
One-Phase Synthesis of [ mbi ] n Polymer
An ethylene glycol solution of Fe(BF 4 ) 2 ⋅ 6H 2 O (1.72 mg, 5.1 μmol) was added dropwisely to a chloroform solution (10 mL) of mbi (4.1 mg, 5.4 μmol) . Acetone was added to improve the mobility between the two phases. After stirring for 1 day at room temperature, the formed dark blue precipitate was repeatedly sonicated and washed with chloroform and ethanol, and dried under a reduced pressure to give [ mbi ] n polymer as a dark-blue powdery solid (0.98 mg).
Results and Discussion
Liquid-Liquid Interfacial Synthesis of [ mbi ] n Film
The liquid-liquid interfacial synthesis is a simple and effective technique to obtain a low-dimensional coordination polymer in a filmy shape. The [ mbi ] n film was formed at the interface between an ethylene glycol solution of ferrous ion and a chloroform solution of mbi as a blue film as shown in Fig. 2a , and could be transferred on a substrate with keeping the film shape (Fig. 2b) . Optical microscopic observation of [ mbi ] n film on a quartz substrate revealed a sheet-like morphology (Fig. 2c ). An AFM image of [ mbi ] n film on a silicon substrate also show a filmy morphology with a rough surface, and the film thickness is calculated as around 280 nm by the cross-sectional analysis (Fig. 2d ).
Electrochemistry and Spectroscopy of [ mbi ] n Film
Cyclic voltammetry measurement of [ mbi ] n film on ITO electrode was conducted in a 0.1 M acetonitrile solution of tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) ( Fig. 3a) . One redox couple is observed at around 0.50 V versus Ag + ∕Ag , which is assigned to the redox reaction of Fe 3+ ∕Fe 2+ of [Fe(mbzimpy) 2 ] complex. The asymmetric peak shape of redox waves suggests that the reduction Fig. 3b . Both of the [ mbi ] n film and polymer exhibit an absorption band derived from MLCT at 623 nm for [ mbi ] n film and 612 nm for [ mbi ] n polymer, respectively, which suggests the formation of [Fe(mbzimpy) 2 ] complex. X-ray photoelectron spectroscopy measurement was conducted to analyze the chemical composition and chemical state of the elements. Figure 4 depicts the X-ray photoelectron spectra of mbi , [ mbi ] n film and the [ mbi ] n polymer. mbi does not show the peaks of Fe 2p 3∕2 and Fe 2p 1∕2 , whereas [ mbi ] n film and polymer give the peaks at 708.6 eV and 721.2 eV. Two peaks are observed at 398.4 eV and 400.6 eV for mbi in N1s region. The observed peaks can be fitted by the three different types of nitrogen atoms in mbi , N in imidazole ring (398.4 eV), N in pyridine ring (399.4 eV), and methylated N in imidazole ring (400.6 eV) with the area ratio of 2:1:2. In N 1s spectra of [ mbi ] n film and polymer, both of them show two peaks at 399.4 eV and 400.6 eV. These peaks are also fitted by using three peaks derived from three types of nitrogen in the [ mbi ] n with the area ration of 2:1:2. The binding energy values of the peaks derived from N in imidazole ring and N in pyridine ring are higher than those in mbi (399.2 eV and 399.6 eV for [ mbi ] n film and 399.0 eV and 399.6 eV for [ mbi ] n polymer, respectively) while the binding energy of the peak for methylated N in imidazole ring is almost constant (400.8 eV for [ mbi ] n film and 400.6 eV for [ mbi ] n polymer). In addition, the iron to nitrogen ratio calculated from the peak areas is consistent with the ideal value of 1:10 (1:9.4 for [ mbi ] n film and 1:9.9 for [ mbi ] n polymer, respectively). The series of results indicates that the quantitative complexation between Fe ion and mbi was achieved in [ mbi ] n polymer and film.
Magnetic Property
Magnetic susceptibility measurement was carried out for [ mbi ] n polymer in order to evaluate the magnetic property of [Fe(mbzimpy) 2 ] complex in a polymeric material, and a significant dependency of the magnetic susceptibility on temperature was observed. The relation between inverse of molar susceptibility (1∕ M ) and temperature obeys the modified Curie-Wiess law ( (T) = C∕(T − ) + 0 ) from 2 to 100 K (Fig. 5a ). The simulation afforded Curie constant C = 0.79 cm 3 K mol −1 , Weiss temperature = − 2.8 K, and temperature independent paramagnetism term 0 = 2.0 × 10 −3 cm 3 mol −1 . The obtained 0 value is greater than that in 3d systems, however, more investigation is required for the detail discussion. The M T and eff ∕ B values at 350 K suggests that [Fe(mbzimpy) 2 ] complex units in [ mbi ] n polymer have the mixed state of high-spin and low-spin with the high-spin population of 82% because the observed eff ∕ B value (4.0) is smaller than the ideal eff ∕ B value of a high-spin Fe(II) complex in the octahedral structure ( eff ∕ B = 4.899 ) (Fig. 5b, c) . The decrease of the temperature (350 K → 250 K) causes the gradual spin transition with the decrease of the high-spin population (82% → 70%) . A decrease in magnetic susceptibility below 40 K can be attributed to the zero field splitting of the high spin Fe(II) complex and temperature independent paramagnetism [24] . Although the observed spin transition behaviour is incomplete, the spin crossover property was incorporated in the polymeric [ mbi ] n by adapting the mbzimpy structure as the ligating group.
Conclusion
The [ mbi ] n film and polymer composed of ferrous ion and a ligand with mbzimpy ligating group were synthesized by using the liquid-liquid interfacial synthesis method and the one-phase reaction. Cyclic voltammetry, UV-Vis and X-ray photoelectron spectroscopy measurement revealed the formation of [Fe(mbzimpy) 2 ] complex in [ mbi ] n film and polymers. The magnetic susceptibility measurement of [ mbi ] n exhibited the partial spin crossover behaviour from high spin state to low spin state with the decrease of temperature from 350 K to 250 K, suggesting that the magnetic functionality was incorporated in [ mbi ] n . 
